Large-scale reprogramming of cranial neural crest gene expression by retinoic acid exposure.
THE USE OF RETINOIDS OR RETINOID derivatives to treat a variety of clinical conditions expands yearly. Despite continued warnings and programs for pregnancy prevention, the risk of fetal exposure to retinoic acid (RA), primarily via Accutane, remains high (29, 67) . Infants born to mothers exposed to retinoids during pregnancy have a 25-fold increased risk for congenital malformations. In a landmark paper, Lammer et al. (44) described a distinctive constellation of defects associated with RA exposure and characterized this new retinoid embryopathy. They include microtia/anotia, micrognathia, cleft palate, abnormalities of the aortic arch arteries, conotruncal defects such as common arterial trunk, thymic abnormalities, and malformation of the central nervous system and optic nerve. In animal studies, embryonic exposure to RA produces many of the same defects (23, 76, 91) . Furthermore, this retinoid embryopathy recapitulates many of the malformations seen with ablation of a specific portion of the cranial neural crest in chick embryos and has established the neural crest as a major target for the teratogenic actions of RA (35) .
The neural crest, a transient, multipotential population of cells, originates from the dorsal neural folds, and cells migrate to a variety of sites within the developing embryo (47) . Crest cells move in coherent streams and follow highly defined migratory patterns, a hallmark behavior of these cells (38, 54) . Cranial crest arises anterior to the fifth somite and contributes much of the mesenchyme that forms the bones of the face and skull, facial musculature, stroma for the thymus and thyroid, the smooth muscle that surrounds the great vessels, the septum that separates the outflow tract of the heart into pulmonary and systemic circuits, in addition to components of the peripheral and enteric nervous system (26) . Kirby and coworkers (see Refs. 14 and 36 for reviews) demonstrated that removal of a subset of the cranial neural crest, termed the cardiac crest, early in development produced aortic arch and conotruncal defects as well as loss of the thymus, thyroid, and parathyroids. In unablated embryos, these streams of crest cells pause briefly to proliferate, populating the pharyngeal arches to provide mesenchyme for the developing arch arteries and other structures (41, 42, 60, 90) .
One common, consistent observation in developing systems exposed to high RA levels suggests that too few cells are available to populate the target tissue, resulting in organ malformations (63) . There is ample evidence on the biological consequences of RA exposure to support this hypothesis. Retinoids decrease neural crest cell adhesion to substrate and their ability to migrate. Lamellipodial extensions and translocations are inhibited in chick cultures treated with RA (80, 85) . We have shown RA inhibits migration of neural crest exposed either in vivo or in vitro (53) . Inhibition was dose dependent and associated with reduced activation of c-jun N-terminal kinase (JNK). Following in vivo exposure, RA also disrupts migratory pathways such that crest cells end up at the wrong targets (51, 62) . Retinoids inhibit cell proliferation and promote or suppress cell death or cell differentiation in a cell type-specific context. In crest cells, RA reduces bromodeoxyuridine (BrdU) incorporation and significantly prolongs the duration of the cell cycle (53, 70) . In some tumor cells, notably Article published online before print. See web site for date of publication (http://physiolgenomics.physiology.org).
MCF7 breast cancer and several neuroblastomas (17, 69, 86, 95) , RA inhibits cell growth and promotes differentiation. However, in developing embryos, decreased proliferation, enhanced cell death, and inhibition or induction of differentiation at an inappropriate time would have dire consequences: failed embryonic development of target organs.
The effects of RA are mediated through specific nuclear receptors, members of the steroid hormone superfamily of receptors (57) . Canonical retinoid signaling involves binding of the ligand (RA) to a heterodimer complex, containing one member of the RA receptor family (RARs) and one member of the retinoid X receptor family (RXRs). Receptor dimers recognize and bind to DNA response elements embedded in the regulatory region of target genes (RAREs). Ligand binding relieves repression by coregulators and recruits coactivator complexes and general transcription factors to activate target gene transcription (see Refs. 4 and 93 for recent reviews and references therein). However, the expression level of many genes can be altered in response to RA through less direct mechanisms such as mRNA stability (10) or protein turnover (6, 44) and are real though indirect targets. Thus genes may be classified as either direct or indirect targets for the action of RA (3) .
An abundance of literature has provided examples of RAresponsive genes. Balmer and Blomhoff (3) have compiled a catalog of more than 532 genes from over 1,100 citations that are regulated in some fashion by RA. With the advent of techniques for large-scale gene discovery including subtractive hybridization, differential display, and microarray interrogation, the number of reports on cell type-specific or developmental changes in gene expression in response to RA has steadily increased (8, 13, 56, 96) . These studies add to the growing number of potential targets and, in some cases, correlate the changes in gene expression with the biology of what RA may be doing in the specific cell type under examination. Most of these reports have focused on how RA induces differentiation of embryonic stem cell or tumor cell lines (21, 34, 52, 86, 95, 96) .
To begin to examine mechanisms that mediate the pleiotropic effects of RA, we have examined the changes in gene expression patterns in microdissected neural crest exposed to teratogenic levels of RA. These cells are a critical embryonic target cell population of in utero RA exposure. We hypothesize that multiple changes in gene expression contribute collectively to dysregulation of normal biological functions in response to RA. We have previously shown that this exposure drastically alters the migration and proliferation potential of these cells in vitro and in vivo (53) . We have now tested our hypothesis and show that a significant component of these phenotypic alterations are derived from a variety of RA-driven transcriptional regulatory effects. The present study is the first to examine the responses of these cells to RA exposure in vitro and to analyze large-scale gene expression profiles by microarray analysis. Time course analysis over 48 h of exposure enabled us to distinguish early and late targets acted on by RA, and hierarchical clustering shows several distinctive patterns of time-dependent changes in gene expression. These patterns inform the known biology as to relevant gene targets, illustrate the combination of signals that contribute to a teratogenic phenotype, and provide insight on cross talk between RA and developmental signaling pathways. The implication of this study is that neural crest cells appear to be highly susceptible to developmental reprogramming by RA.
MATERIALS AND METHODS

Neural crest cultures and experimental design.
A breeding colony of ICR mice was maintained in the AAALAC-approved facility of the Cincinnati Children's Hospital Research Foundation (CCHRF). All experiments were performed in accordance with guidelines of the American Physiological Society and with the approval of the CCHRF IACUC, protocol 2B11073. Animals were mated overnight and checked the following morning for evidence of a coital plug. Noon of that day was recorded as 0.5 days postcoitum (dpc). Embryos at 8.5 dpc with 8-13 somites were used to isolate neural crest as previously described (53) . The dorsal neural tube was bisected along the midline with one half from each embryo used for control and the other half treated with 10 Ϫ6 M RA dissolved in ethanol for 6, 12, 24, or 48 h. For 6-h exposures, the explants were cultured overnight on fibronectincoated 35-mm dishes (Biocoat; Becton-Dickinson Labware, Bedford, MA) in DMEM with 10% horse serum, to allow for sufficient outgrowth of neural crest cells. The RA was added the following morning. A minimum of three independent experiments were conducted for each time point.
In preliminary studies (not shown), explants were untreated or exposed to 0.1% ethanol. We detected no difference in behavior or gene expression between ethanol-treated and untreated samples. Therefore, to enable characterization of the normal transcriptome of neural crest cells in culture (in preparation), all subsequent analyses and comparisons were made between RA-treated and untreated controls.
RNA isolation and amplification. Explants were picked away from the crest cell outgrowth 2 h before the end of each incubation period, and the cultures were allowed to recover. The media was removed, and the cells were washed twice with sterile PBS containing calcium and magnesium. The cells were scraped into 50 l of PBS and stored at Ϫ70°C. Total RNA was isolated using RNeasy Mini (Qiagen, Valencia, CA) according to the manufacturer's directions and linearly amplified as previously described (5, 71) . Briefly, a T7 promoter-dT primer was used to generate cDNA with SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA) and amplified by vitro transcription using T7 RNA polymerase. A second round of cDNA synthesis was performed using random hexamers as primers, and a final in vitro transcription using biotin-labeled nucleotides (Bioarray High Yield RNA; Enzo Life Sciences, Farmingdale, NY) yielded labeled cRNA for microarray hybridization.
Array hybridization and analysis. Twenty-seven labeled RNA samples (13 RA-treated samples and 14 controls) were submitted to the CCHRF Affymetrix Microarray Core for hybridization to Affymetrix MG-U74Av2 GeneChip probe arrays using standardized protocols. Processed arrays were scanned using Microarray Suite 5.0 software (MAS 5.0; Affymetrix, Santa Clara, CA). GeneChip "‫.ء‬cel" files from MAS 5.0 were subjected to RMA analysis (http://stat-www. berkeley.edu/users/bolstad/RMAExpress/RMAExpress.html) (6, 32) and loaded into GeneSpring software (Silicon Genetics, Redwood City, CA) for subsequent analysis. The RMA-normalized data from the 27 samples was first normalized to the median of the controls within each time point to select for genes that were retinoid dependent at each time. This depiction of the experiment (27_RA_NormToTime_RMA_Jan_04; see access information, below) allows for a gene behavior in which its expression may be increased or decreased at a given culture time. The statistical comparison of RA vs. control expression within each time point was done by applying a Student's t-test (P Յ 0.05) to genes that had passed a 1.5-fold change filter in 2 or more samples within the time point. Results combined from the four time points identified 137 genes that were significantly regulated by RA over the median control population at each time. The original data set of 27 samples was alternatively normalized with respect to the median of the gene's expression value in the untreated samples across all time points. This depiction of the experiment (27_RA_NTC_RMA_April_04; see access information, below) allows the visualization of the effects of RA at each time point, independent of whether there is normally a change in a gene's expression between time points in the absence of RA. The same t-test and filtering criteria were applied, resulting in 158 RA-responsive genes (see Supplemental Tables  S2 and S3 , available at the Physiological Genomics web site). 1 The union of these two lists yielded 205 genes, with 90 genes common to both lists. Both versions of the experiment are available via guest login at the Silicon Genetics GeNet web site (http://genet.cchmc.org/) in the "MColbert" directory of the U74Av2 genome (select "Gene Lists" folder, then "MColbert" folder) or accessible through the NCBI Gene Expression Omnibus (GEO) database (accession numbers GSM24606 and GSM27252-GSM27277; http://www.ncbi.nlm.nih.gov/geo/). We then sought to analyze the gene expression patterns represented by these 205 genes under the second normalization schema where expression levels were normalized relative to the median expression value in the untreated samples across all time points (27_RA_NTC_RMA_April_04). Hierarchical cluster analysis (Pearson correlation) of the pooled 205 genes showed correlated groups of genes and their expression patterns across all time points. Additional clustering of all 27 GeneChips by a distance measurement was performed to determine the correlation of the biological replicates.
PCR analysis. Samples of RNA (2 g) from treated and control cultures were isolated as above and cDNA prepared using SuperScript II as outlined by the manufacturer (Invitrogen). Semiquantitative PCR was performed to verify changes in gene expression in response to RA. Gene-specific primers were designed and are listed along with annealing conditions in Supplemental Table S1 . Amplification, using Taq polymerase (Invitrogen), was restricted to the linear phase, which we determined to be between 25-35 cycles for most genes. PCR products were resolved on 1.5% agarose gels and stained with ethidium bromide. Actin or GAPDH primers were used as controls. , and actin or GAPDH was used to normalize the sample cDNA concentrations. Standard curves were generated using mouse whole embryo (9.5 dpc) cDNA. All samples were run in duplicate, and the average values were normalized by dividing by the corresponding average value of the controls. Fold changes for each time point were calculated by dividing the normalized value of the treated sample by the normalized value of the untreated sample at that time point.
RESULTS
Experimental design and analysis. To examine the time course of the response of primary neural crest cultures to teratogenic levels of RA, we treated explants from dorsal neural tube with 10 Ϫ6 M RA from 6-48 h. The neural tube was split along the roof plate, with one half of the explanted tissue treated and the contralateral half untreated, serving as control. Thus both treated and control samples were always from the same stage embryos. Cultures were exposed for 6 h to evaluate early responding genes and for 12, 24, or 48 h to determine late or secondary responses. A minimum of three independent biological replicates was analyzed at each time point. This design allowed for comparison of retinoid-mediated changes in gene expression within the context of kinetic changes in gene expression of the primary crest cultures. Because of the limited amount of tissue available, two rounds of in vitro RNA amplification were used prior to hybridization with Affymetrix MG-U74Av2 GeneChip probe arrays. We have used this technique previously, and found it to be reliable and highly reproducible (71) .
A total of 27 independent GeneChips, 13 RA-treated and 14 from controls, were analyzed, and the data were normalized and baseline-referenced within the context of the experimental design. Two normalization strategies were implemented. In the first stage, we normalized all cultures at each time point to the median of the corresponding untreated crest cultures, (normalized to time). This allowed us to identify genes that had a reproducible, time-dependent response to RA. Since it was reasonable that some of these RA-affected genes might vary normally in their expression during the life of the cell culture, we generated a second normalization of the experiment series such that each gene's relative expression was normalized to the median of its expression across all of the untreated sample times (normalized to control). Thus a gene that is normally induced or repressed at one time vs. another could be observed, and clusters that reflect this behavior could be obtained. The t-test (P Յ 0.05) and fold change analyses of the data normalized to time generated 137 genes that were significantly regulated by RA treatment compared with controls within the four time points (Supplemental Fig. S1, B) . When the data were alternatively normalized to controls across all times, t-test and fold change analyses generated 158 genes that were significantly regulated by RA treatment (Supplemental Fig. S1, A) . A 1.5-fold change value was chosen as cutoff rather than higher values (Ͼ2) because we considered the consistency of response more critical than the absolute magnitude of the change in expression level. To illustrate both the RA-dependent changes at each time point, as well as the RA effects on any timedependent changes in control expression, the two lists were pooled, yielding 205 genes, with 90 genes common to both lists. Hierarchical cluster analysis of the 205 genes across the 27 different samples at the 4 different times using Pearson correlation revealed groups of genes that shared similar expression patterns ( Fig. 1 , left gene tree).
Analysis of the gene tree showed five distinct patterns of responsive genes based upon their behavior relative to controls, over the time course of the experiment. Group 1 contained transient, immediate early changes in gene expression, seen at 6 h ( Fig. 1, groups 1u and 1d) , whereas RA consistently induced high-level expression at all times in the second group ( Fig. 1, group 2) . Group 3 was characterized by suppression of a time-dependent increase in expression, normally seen in untreated cells ( Fig. 1, group 3 ). For groups 4 and 5, RA increased or decreased expression of these gene sets, respectively over the course of the experiment (Figs. 1, groups 4 and 5).
Clustering of the 27 sample GeneChips into a condition tree by a distance measurement further demonstrated that, with the exception of the 6 h cohort, the RA-treated samples all clustered together as did the controls (Fig. 1 , top gene tree). This early responding set at 6 h may constitute a category of gene regulation different from the later time points, which would be consistent with early vs. late responses to RA. Thus the reproducibility of the analysis and the response of neural crest cultures to RA were remarkably consistent in the face of the expected biological variability that exists in primary cultures taken from developmentally staged embryos.
Group 1: Immediate early changes in gene expression. This group of genes contained significantly more candidates and more functional variety than any of the other groups, despite being held to a higher statistical filter, P ϭ 0.01 (Fig. 2 ). Over 70 genes passed filtering; 30 showed increased expression (group 1u) and 43 decreased (group 1d) following 6 h of RA treatment (Tables 1 and 2) . Group 1 focused on the immediate early responses of neural crest cells to RA as these changes in expression occurred mostly at 6 h, and then returned to control levels by 12 and 24 h ( Fig. 3 ; genes with a sustained response to RA, group 2, were excluded from this category). However, expression patterns became more complex at 48 h, suggesting other mechanisms may be involved in regulation at later times.
Two genes within this group were well-characterized targets for RA: cellular retinoic acid binding protein (Crabp2) and Nmyc, recognized as an early and rapid responder (3) . Both contain DNA elements for RAR binding (19, 88) . Other genes of interest included four associated with mitochondrial func- Clustering by distance measurement (top tree) was performed to determine the correlation of the biological replicates. Lines were added to highlight the separation of the 6 h time samples, the clustered controls, and the clustered RA-treated samples. The numbers and lines outside of the tree structure identify five groups of genes. Color bar shows the range of expression, from blue ϭ 0, to red ϭ 3. Fig. 2 . The classification of genes within groups 1-5. Categories ascribed to genes were determined and selected from the Gene Ontology (GO) listing that accompanied the LocusLink ID. The percent of genes within that category was then determined for the whole group and represented in the pie charts. ECM/ECS, extracellular matrix or space. Finally, 20% of the early responding genes were expressed sequence tags (ESTs), many more than in subsequent groups, which may represent important, novel genes associated with retinoid action. Group 2: Consistently high levels of increased gene expression at all times. The expression of genes represented by this group was not only increased in RA samples at all time points, but also consistently showed the highest levels of induction ( Fig. 1, group 2; Fig. 3, and Fig. 4A ). In MAS 5 analyses (not shown), many of the control samples were scored as absent. Semiquantitative PCR analysis was used to demonstrate negligible expression, suggesting the induction of several genes could be considered de novo. These include Cyp26a1, Hoxa5, and Meox1 (Fig. 4A) . Furthermore, nearly one-third of the genes in this cluster have been previously identified as retinoid responsive (Table 3 ; see also Ref. 3 and references therein). The fact that we found so many known RA-responsive genes induced in our experiments provided "internal controls" and further supports the experimental paradigm as well as our results. Of the RARE-containing genes, three directly regulated retinoid levels. Cyp26a1, responsible for metabolism and elimination of RA, Dhrs3, the retinal short-chain dehydrogenasereductase that reversibly converts retinol to retinal, and Rbp1, also known as cellular retinol binding protein (9, 55, 79) , were robustly induced across all treatment times. Thus neural crest cells evolved a strong and rapid protective mechanism coordinated to moderate retinoid levels.
More than half (54%) of these highly induced genes were associated with transcription and cell signaling ( Table 3 , Fig.  2 ). The Hox genes were the most prominently represented class of developmental transcription factors in this cohort, including the 3Ј members of the A and B clusters. So too was Pbx1, a cofactor for Hox activity (46, 66) . Other strongly induced transcriptional regulators included Meox1, a mesenchyme homeobox gene, Bhlhb2, a basic helix-loop-helix transcription Fig. 3 . Dynamic expression profiles of each group identified in Fig. 1 . The average expression level of genes within each group is presented as a function of time point. Color bar is as in Fig. 1 . Coloring of expression levels for genes in group 1 was determined at 6 h in control and RA-treated groups; all other groups were based upon expression levels at 48 h. Fig. 4 . Verification of changes in gene expression levels. Semiquantitative RT-PCR (A) or real-time RT-PCR (B) was used to evaluate changes in expression of selected genes at 48 h, with the exception of group 1, which was taken at 6 h. Actin or GAPDH levels were used as controls. The linear range for semiquantitative amplification was determined to be between 25 and 35 cycles for most genes, as indicated. factor (Fig. 4A) , and a T-box gene, Tbx2. Genes involved in cell signaling included two members of the Ras family (Rhpn2 and Rin2), a chemokine (Cxcl5), and a component of intracellular signal transduction (Stmn4) that were also highly induced (Fig. 4A) .
Several genes associated with cell cycle and growth regulation were also affected ( Table 3) . Insulin-like growth factor 1 (Igf1) was included in this category, although it could also be considered with the cell signaling group. Of significance, two genes that influence cell cycle progression and G 0 -G 1 growth arrest were also upregulated: Gas1 and the cyclin-dependent kinase inhibitor p15 (Cdkn2a), also validated by PCR (Fig. 4A) .
Group 3: Suppression of increased control gene expression. In untreated neural crest cultures, the expression of this group of genes, as a whole, increased with time in culture and reached peak expression at 48 h. However, the response to RA treatment was in sharp contrast to untreated expression patterns ( Fig. 3) . Continued exposure to RA reprogrammed expression patterns and prevented the time-dependent increase observed for this group of genes in control cultures. Although only 12 genes were affected, 75% were cell adhesion and integral membrane proteins or associated with the extracellular matrix or space (Table 4 , Fig. 2 ). These findings are consistent with and highly relevant to the biological effects of RA on neural crest cell adhesion and cell migration (53, 80) .
Several important cell adhesion molecules were identified as affected in our analyses including Vcam1, another reported RA target gene (12, 77) , laminin (Lama2), biglycan (Bgn), procollagen type VI ␣3 (Col6a3), and thrombospondin (Thbs1; Table 4 ). Since our criteria for change was set at 1.5-fold up or down, quantitative real-time PCR analysis was used to improve the sensitivity in detecting reduced expression in response to RA. Our results show that Vcam1 expression was markedly reduced compared with control cultures, by more than twofold ( Figs. 3 and 4B ). Similar analysis of Thbs1, however, detected very little if any difference in expression between control and RA-treated samples (not shown). This was one of only two instances where PCR failed to validate the microarray data. Two additional genes from this group were of interest. The first was TGF␤3, which again could be classified as either a growth factor or a signaling component. Like Vcam1, TGF␤3 is a recognized target for RA, although no regulatory motif has been identified (64) . The second is the nephroblastoma-overexpressed gene (Nov). Nov, a member of the CCN family, regulates a number of different biological processes, including proliferation, attachment, and migration (65) . Thus both TGF␤ and Nov, whose expression is suppressed by RA, control multiple, key developmental functions.
Group 4: Increases in gene expression over time. In this group of genes, the magnitude of their response to RA increases over time and could be further subdivided by the time of initial response. At 6 h, only 5% of the genes in this group were significantly induced (one Ͼ1.5 expression). By 12 h this number increased to 20%, by 24 h to 55%, and at 48 h all genes demonstrated significant and in some cases robust induction (50% had 2-to 12-fold increases; Fig. 3 ). This group therefore represented genes whose response to RA may be indirect or secondary and included insulin-like growth factor binding protein 6 (Igfbp6), epidermal growth factor receptor (Egfr), tissue plasminogen activator (Plat), and collagen VII (Col7a1; Table 5 , Figs. 3 and 4A ). These genes have been identified as RA regulated but frequently require protein synthesis, indicating they are indirect targets (3).
The group 4 genes were equally divided between transcription factors, cell cycle/growth regulation, cell signaling, and extracellular components ( Table 5 , Fig. 2 ). Genes regulating cell growth that were upregulated included Igfbp3 and Igfbp6 and schlafen 2 (Slfn2). Because of the inhibitory effects of RA on cell proliferation, increased expression of these genes was significant, as all negatively affect cell proliferation (17, 72) . Both Igfbp3 and Igfbp6 were checked for expression by PCR. Unlike Igfbp6, we were unable to confirm any significant change in Igfbp3 compared with control samples by either seimquantitative (Fig. 4A ) or real-time PCR (not shown) in neural crest cells, although Igfbp3 met the filtering criteria for increased expression and was a reputed secondary target for RA (64, 74) . Again, it was difficult to determine the precise ontological category in which some genes should be placed, such as Egfr. It was included with cell cycle/cell growth; however, it fit just as well with cell signaling. Two members of the Wnt family, which participate in noncanonical Wnt signaling (87) fall in group 4: the Wnt 11 ligand and frizzled 4 receptor (Fzd4). The enhanced expression of both genes was verified by PCR ( Fig. 4A ). Group 5: Decreases in gene expression over time. Like the genes of group 4, the magnitude of the responses of group 5 genes increased with prolonged exposure to RA (Fig. 3) ; however, expression decreased with time. Suppressed expression also occurs secondarily although changes were dramatic only at later time points ( Fig. 3) .
A number of developmental transcription factors were affected in this category: two members of the distal-less family, expressed in arch mesenchyme (Dlx1 and Dlx5), two Sox family members (Sox2 and Sox11), and Egr2, also known as Krox 20, all of which play important roles in nervous system development (27, 89, 92) , and the helix-loop-helix inhibitor Idb4 (Table 6 ). Combined with cell signaling, these two categories constitute 50% of this responding class. Dickkopf (Dkk1), another component of the Wnt pathway (61), was significant among the signaling molecules. This factor functions as an inhibitor of canonical Wnt signaling, and its suppression by RA would suggest relief of repression of Wnt. Quantitative PCR substantiated a marked reduction in expres-sion of both Dkk and Sox2 at 48 h (Fig. 4B ). In the case of Sox2, expression of this gene declined dramatically in control cultures, and RA treatment further exacerbated the decrease (Fig. 3, group 5 ).
DISCUSSION
This study was initiated to describe the changes in the cranial/cardiac neural crest transcriptome in response to teratogenic levels of RA and determine how these changes in expression relate to the biological effects of RA on neural crest cells. We have previously shown that treatment of neural crest cultures with RA has a dose-dependent effect on neural crest migration and proliferation (53) . Furthermore, by evaluating the time-dependent changes in gene expression that accompany high-dose exposure, we sought to distinguish between early and late effects of RA on gene expression. Our data indicate that RA-mediated cross talk impinges upon multiple transcriptional regulators and signaling pathways that impact upon the described biology of retinoids. The overall changes in gene expression patterns suggest a large scale reprogramming of normal differentiative behavior of neural crest in vitro.
Early changes. Our findings show that reprogramming is apparent as early as 6 h following RA treatment, in the induction or repression of over 70 different genes ( Fig. 1 , Tables 1 and 2 ). This large number of changes was observed even with the ANOVA set to a more stringent P value of 0.01. Most of the early response genes we have identified, including a large number of ESTs, were not previously linked to retinoidmediated effects. Interestingly, the repression of several genes associated with ubiquitination and protein turnover may provide additional insight into the effects of retinoid biology on neural crest. Ube1x, an ubiquitin-activating enzyme, represents the first step in targeting proteins for degradation. Ube2i acts in combination with an E3 ubiquitin ligase during the second step in ubiquitination. There are over 30 distinct ubiquitin-conjugating (E2) enzymes that can complex with an even larger number of E3 proteins, which recognize distinct and different signals for target degradation (see also Refs. 28 and 37 for reviews). An equally large family of ubiquitin-specific proteases, including Usp52, have also been identified, some of which interact with Hdac6 (73). Decreased expression of these genes could enhance the half-life of specific sets of proteins in neural crest. This has been reported in neuroblastoma, where RA enhanced stability of p27 kip1 by reducing ubiquitination and proteasome-dependent degradation (7) . Similarly, RA inhibits JNK phosphorylation/activation and growth in human bronchial epithelial cells (49) . This inhibition required a posttranslational RAR-dependent mechanism that enhanced the stability of the dual specificity MAP kinase phosphatase 1 (MKP1) (48) . Our analyses identified multiple members of the ubiquitin-signaling pathway affected by RA following limited exposure. Thus effects on posttranscriptionally regulated proteins could contribute to the retinoid-mediated inhibition of both cell proliferation and JNK activation in neural crest cultures.
Increased expression. The sustained expression of genes in group 2 (Fig. 3 ) further strengthens the case for reprogramming of neural crest cells following RA treatment. Over half of these genes represent transcription factors or components of signaling pathways ( Table 3) . Many of the genes in this group most likely mediate the subsequent regulation of transcription and the biological responses of the neural crest cells following prolonged exposure to RA, that is, the secondary effects of RA. It is possible that the genes represented in group 4 (increase in expression over time, Fig. 3 ) include candidate targets for genes of group 2. This hypothesis is compelling for the following reason. Group 2 contains many members of the Hox family, well-known targets for RA (58, 59) . Combined with the sustained induction of Pbx2, a cofactor for Hox gene activity (46, 66) , the stage is now set for induction of potential Hox downstream target genes. Few, if any, recognized targets of Hox genes have been identified (43) , and neural crest cultures therefore provide a platform from which to further explore candidates for Hox activation.
Among the induced genes in groups 2 and 4 are several that negatively affect cell cycle and proliferation. Our previous studied showed that RA treatment reduced BrdU incorporation by 45%, essentially blocking S-phase progression (53) . Signals that promote or suppress growth balance cell proliferation rates and converge on G 1 and the G 1 /S transition, a checkpoint in the cycle. During G 1 , the cell must decide whether to withdraw from the cell cycle into G 0 , to differentiate, to die, or to initiate DNA synthesis and divide (for review see Ref. 82) . Each outcome has been reported in association with retinoid-mediated teratogenesis; therefore, this decision point appears to be a prominent target for RA. Although expression of genes such as Igf1 and the Egfr, which enhance cell proliferation, were induced, so too were Gas-1, Cdkn2b (p15), Igfbp3, Igfbp6, and Slfn2 (Tables 3 and 5 ). Each of these gene products inhibits growth at this checkpoint (15, 22, 69, 72) . Although we do not know whether one option is favored over another in neural crest, one reasonable pathway would be to accelerate differentiation (see Sox2 below; Refs. 21, 33, 34, 52, 86, 95) . Enhanced expression of any one of these genes may not be sufficient in and of itself to affect crest cell proliferation; however, the combined, cumulative influence may have a larger impact overall. Thus reprogramming may occur by modestly altering expression of a number of different genes in the same pathway.
Decreased expression. The constellation of genes affected in groups 3 and 5 dramatically illustrates the kinetic changes in gene expression imposed by RA upon the normal program of neural crest differentiation and supports a combinatorial contribution to reprogramming. RA suppressed expression ( Fig.  3) , particularly increases that normally occur over the life of the culture. Although the overall effect is similar between groups 3 and 5, the genes targeted fall into distinctly different categories influencing different processes. Most of genes in group 3 (59%) are associated with cell adhesion or the extracellular compartment ( Table 4 , Fig. 2 ). Failure to increase expression of adhesion molecules, such as laminin, biglycan, and collagen, and gelsolin, which regulates cytoskeletal interactions with the extracellular matrix (1, 81) contributes to decreased substrate attachment and cell migration. Furthermore, the marked suppression of Vcam1 ( Figs. 3 and 4) has two potential consequences. Vcam may play a role in neural crest cell-cell attachment and network organization (83) , and decreased expression could contribute to failure of these interactions. Vcam may also mark crest cells destined to differentiate into vascular smooth muscle (78) . Neural crest, a major contributor of smooth muscle to embryonic vessels in the head and neck, is vital for vessel persistence and subsequent developmental remodeling (90) (see also Ref. 20 and references therein). Thus retinoids may differentially affect emerging subsets of neural crest cells, inhibiting differentiation of some while promoting differentiation of others.
The majority of genes suppressed in group 5 are developmental transcription factors and components of cell signaling pathways (50%; Table 6 , Fig. 2) , and may represent repressed secondary targets for RA. The expression of two members each of the SRY-box (Sox2 and Sox11) and distal-less homeobox (Dlx1 and Dlx5) families decreased over time. For Sox2, declining expression occurs in untreated neural crest normally but is further accelerated and amplified by exposure to RA ( Figs. 3 and 4) . During development Sox2 serves as an early marker of neural cells, and in chick, expression is downregulated as the neural crest leaves the neural tube. Terminal neural differentiation and Sox2 expression are thought to be mutually exclusive (see Refs. 89 and 92) . We interpret the rapid and sustained loss of Sox2 expression to support the possibility of premature differentiation subsequent to cell cycle dysregulation. Early differentiation may limit the multipotential character of neural crest and reduce its capacity to contribute to subsequent tissue types. The second set of transcription factors, the distal-less genes (Dlx), regulate proximodistal patterning and are extensively expressed in neural crest-derived ectomesenchyme of the pharyngeal arches. Loss of Dlx1 expression changes the fate of crest-derived mesenchyme, and ablation of Dlx5 affects olfactory bulb and craniofacial development (68, 84) . Thus the reduced expression of these developmental regulators has consequences for subsequent cell fate decisions and patterning events, which fit into an overarching blueprint for reprogramming cell behavior.
RA also affects the Wnt signaling pathway. Wnt-frizzled signaling plays a critical role in the initial induction of neural crest (94) . In neural crest cultures, RA severely decreased dickkopf (Dkk1) expression, an inhibitor of canonical Wnt signaling (24, 39) (Fig. 4B) , whereas Wnt 11, which participates in noncanonical Wnt signaling (reviewed in Ref. 87) , and the frizzled 4 receptor are upregulated (Fig. 4A ). Loss of Dkk1 by targeted deletion prevents the development of all anterior embryonic structures (61) . Although the reduction of anterior structures following RA exposure is most often attributed to alteration of Hox gene expression (see Ref. 58 for review), the repression of Dkk may be a novel unrecognized target in RA teratogenesis. Furthermore, noncanonical Wnt signaling plays an important role in the directed migration of coherent groups of cells during early development (87), a movement pattern well characterized in migrating neural crest cells. Overexpression of Wnt 11 in Xenopus impairs cell movements without changing cell fates (18) ; evidence also suggests the Fzd4 receptor may activate noncanonical signaling in some cases (40, 75) . More significantly, deletion of Fzd4 is associated with hypoplastic thymic development and cardiovascular patterning defects (16) . Although this study focused on a loss of function mutation, too much or too little RA produces remarkably similar dysmorphogenetic phenotypes. Thus the reprogramming of Wnt signaling by RA in neural crest may have a direct effect on crest cell migration and contribute to aspects of RA embryopathy in humans.
RA regulation and RAREs. Approximately 10% of the genes whose expression is altered in neural crest by RA have been previously recognized as RA regulated. Nearly half (11 of 20) are rapidly induced by RA (within 6 h) and expression is sustained at all times ( Table 3 , group 2). These genes also show the highest level of induction; many of them have characterized RAREs suggesting expression is directly activated by RA (3). The canonical RARE is composed of a direct repeat of six nucleotides (DR) separated by five bases (DR5), by two bases (DR2), or single nucleotide separation (DR1) (4, 11) . All types of RAREs are represented within these early responding genes. The Hox A and Hox B clusters both contain DR5 elements located 3Ј of the clusters (45) . While these elements are similar, the Hox B enhancer requires additional conserved elements for RA responsiveness, including a DR2 as well as an additional DR5 element (25) . The RBP I gene is regulated by a DR2 (31) . Conservation of promoter elements across species has been reported for the DR5 of cytochrome P-450RA suggesting that other elements may also be critical in regulating RA inducibility (55) . In contrast, the human CRAB-PII is regulated by a DR5, while the mouse gene contains both a DR1 and DR2 (2). Thus, despite this commonality of early and/or high-level sustained expression, there does not appear to be any correlation with the type of RARE involved in RA regulation and the type of response we observe in neural crest.
In summary, we have identified over 200 genes that are affected by RA in neural crest cells with distinctive kinetic behaviors and altered expression, representing both early and late targets. Multiple transcription factors and signaling pathways are affected that facilitate the pleiotropic consequences of RA teratogenesis. Although many of these changes in expression are modest over the first 48 h, the combined, cumulative influence on specific pathways may have a larger overall effect and contribute to the final outcome: the reprogramming of the normal development of the neural crest. The implication of this study is that neural crest cells appear to be highly susceptible to developmental reprogramming by RA, and this is likely to be closely entwined with the critical capacity of neural crest cells to undergo multipotential differentiation during embryogenesis.
